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Abstract 
This study investigates the thermal barrier efficiency of five commercially available ceramic 
nano and micro particles deposited on the surfaces of glass fibre-reinforced epoxy composites 
(GRE). Two approaches of application of deposition of ceramic particles have been undertaken, 
firstly where the ceramic particles were dispersed in a phenolic resin binder and applied on a 
GRE surface by a K-bar coater and the second where extra ceramic particles were sprayed on the 
first coating while the resin was partially cured to enable the surface to be completely covered by 
ceramic particles, leaving no resin exposed. The thermal barrier efficiency of these coatings was 
evaluated from the cone calorimetric parameters at incident heat fluxes of 35 and 50 kW/m2 as 
well as from temperature gradient through the samples’ thicknesses, measured by inserting 
thermocouples on the exposed and back surfaces during the cone tests. The morphology and 
durability of the coatings to water absorption, peeling, impact and flexural loading were also 
studied. The results showed that the surface layers of all coated samples were uniform and a 
strong adhesion between the coating and the substrate. Moreover, they did not adversely affect 
the mechanical properties of GRE composite while improving the mechanical property retention 
of GRE composites after exposure to heat.  
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1. Introduction 
 
Fibre-reinforced polymer (FRP) composites produced by embedding  structural fibres (of high 
strength and stiffness) in thermoset polymers (resins),  are becoming popular alternatives to 
metals due to their low cost, lightweight, resistance to environmental variants and excellent  
mechanical properties. Unfortunately these composites cannot compete with metals for 
resistance to heat and fire because of the organic nature of the matrix [1]. Their response to heat 
depends upon the type of the resin and intensity of the heat source.   At temperatures below the 
glass transition temperature, the resin matrix system is unaffected by heat and there is little effect 
on mechanical properties. On reaching the glass transition temperature of the resin (temperature 
(150 – 220 oC, depending upon the resin type), the resin softens and the composite laminate 
starts losing its mechanical properties, which can be approaching 50% of the original value [2,3]. 
On reaching the decomposition temperature of the resin and eventual ignition of the resin there 
is a complete loss of mechanical integrity of the composite [1-7]. The most effective technique 
of protecting these materials against heat and fire is the use of surface coatings, which can 
inhibit or reduce the heat transfer from the fire/heat source to the underlying structure [6,8-10]. 
The coatings can be of polymeric nature where flame retardant additives, usually intumescent 
systems, are dispersed in a resin binder [8-10] or ceramic and glass fibrous mats, sometimes 
containing exfoliated graphite [11,12]. These conventional coatings however, have certain 
disadvantages for instance, the intumescent coating requires a thick coating layer (> 1mm 
coating thickness) [13], which may not be applicable in some applications. Thermal insulative 
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mat/sheets, such as intumescent mats, may add to weight to the composite [1,11,12] and could 
absorb fuel in case of an accident [1]. 
   
Ceramic particles of low thermal conductivity such as yttria stabilised zirconia are commonly 
used to protect metallic surfaces for excessive heat cycles [14]. These particles are applied on 
metal surfaces using techniques such as electroplating [15], electroless-plating (e.g. hot dipping, 
metal spraying) [16], electrogalvanising, PVD (physical vapour deposition), CVD (chemical 
vapour deposition) [17] and plasma spraying [18].  These are all high temperature processes and 
are suitable for substrates that can sustain temperature higher than 600 oC, such as metallic 
substrates. The application of these coatings on polymer substrates is extremely limited due to 
the low thermal stability of organic resins, which require processing at temperatures below glass 
transition (Tg) and decomposition temperatures of the polymer component.  
 
A polymeric coating formulation consists of a polymeric binder, a filler (or particle), a 
solvent/carrier, pigments, and additives [19]. The binder material provides a matrix in which all 
other constituents are dissolved /dispersed. Most binders are thermoset type polymers because of 
their viscosity and reactive structure [20]. In this work both of the above mentioned approaches 
have been combined into one coating type, i.e., the ceramic particles are dispersed in a phenolic 
resin and applied on the surface of a composite. In our recently published work we have 
explored applying three types of ceramic particulate (yttria doped zirconia, a low melting silicate 
glass and alumina tintannate) coatings using an epoxy resin binder [21]. While the thermal 
barrier efficiency of these coatings was evident, some of the coated samples ignited when the 
surface was not completely covered by ceramic particles, leaving gaps where the resin was 
exposed to the surface from where heat could penetrate through the surface. This work takes this 
concept forward. Here the epoxy resin binder has been replaced by an inherently flame retardant 
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phenolic resin. In addition to the three types of ceramic particles previously studied, two new 
particles namely nanoclay and nanosilica have also been investigated. Two sets of samples were 
prepared, one as previously [21] but with a different binder (phenolic replacing epoxy) and the 
second where  ceramic particles were sprayed on the coating while it was not fully cured  so that 
the surface was completely covered by ceramic particles and no resin is exposed as was the case 
in the previous study. Apart from thermal barrier effect of these coatings, the resistance to 
peeling, water, impact, flexural tension etc have also been studied in this work.  
  
2. Experimental Details 
2.1 Materials 
2.1.1. Glass fibre-reinforced epoxy (GRE) composite: 
Epoxy resin system: epoxy phenol novolac resin (Araldite LY5052, Huntsman) and 
cycloaliphatic polyamine-2,2-dimethyl-4,4-methylene bis cyclohexylamine hardener (Aradur 
HY 5052, Huntsman) 
Glass fibre: Woven roving glass fibre of E-glass type (300g/m2, Glasplies) 
2.1.2. Ceramic micro-particles for surface coatings 
Nanoclay (30B): Cloisite 30B (Southern Clay Products), a commercially available alkyl 
quaternary ammonium modified montmorillonite clay. 
 Fumed nanosilica (Si): Aerosol 200 (Evonik Industries), a high purity amorphous anhydrous 
colloidal silicon dioxide with a specific surface area of 200 m2/g.  
Glass flake (Flek): Flekashield (NGF Europe, UK), platelets of E-glass of ~ 5 µm thickness and 
10-4000 µm width. 
Aluminium titanate (Re): Recoxit (Ohcera.Co., Ltd., Japan), a ceramic powder composed of 
aluminium titanate (Al2TiO5).  
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Zirconia (Zr): Aqueous dispersion of yttria doped zirconia, consists of 91-93% zirconium oxide 
and 7-9% yttrium oxide (XZO1357, Mel Chemical, UK). The particles were obtained by 
evaporating water at 60 oC in an oven for 24 h. The residue was grinded with mortar and pestle.  
 
2.1.3 Binder 
Phenolic resin: DUREZ 33156 (Sumitomo Bakelite Europe) a modified liquid phenolic resin 
containing phenol (polymer with formaldehyde) (58-78 wt%), ethanol (20-29 wt%) and water (3 
wt%) 
2.2 Sample Preparation 
2.2.1 Glass fibre reinforced epoxy (GRE) composite laminate 
Eight pieces of 300 mm x 300 mm woven E-glass fabric were used for composite laminate 
preparation, with the ratio of 50 wt% glass fibre and 50 wt% resin matrix. The GRE composites 
laminate was fabricated using a hand lay-up method by impregnating each glass fabric layer with 
the resin, vacuum bagging and curing at room temperature for at 24 h, and then post-curing at 
80oC for 6 h.  
2.2.2 Ceramic particle coatings using a phenolic resin as binder 
Five types of ceramic particles: nanoclay (30B), nanosilica (Si), Flekashield (Flek), Recoxit (Re) 
and zirconia (Zr) were used to prepare coatings of approximately 100-600 µm thick. The 
ceramic particle and phenolic resin ratio for each coating was different depending upon the type 
of each ceramic particle as presented in Table 1. The ceramic to resin ratio of each ceramic 
coating type was established based upon the maximum amount of particle component that can be 
added into the phenolic binder. It was not possible to increase the level of ceramic particles in 
the coatings higher than those given in Table 1 without adversely affecting processability of the 
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coating, which becomes too viscous and restricts uniform application on the GRE composite 
laminate. Two sets of coated GRE composite laminates were prepared: a) ceramic particle with 
resin binder and b) ceramic particle coatings with an additional particle layer on the surface of 
(a). 
 
2.2.2.1 Ceramic coatings on GRE composite using a phenolic binder 
 
These ceramic particle coatings were prepared by dispersing the ceramic powders in a phenolic 
resin binder using the proportions given in Table 1. Firstly, the ceramic particle and a phenolic 
resin were dispersed in ethanol (10 wt% w.r.t. mixture of ceramic particles and phenolic resin). 
The suspension was stirred with a mechanical stirrer for 15 min. A 200 µm spirally wound K-bar 
(R.K Print-Coat Instruments Ltd) was used to apply the coating formulation of 30B, Si, Flek, Re 
and Zr on the GRE composite laminates (size 75 mm x 150 mm). The coated laminates were 
then cured at room temperature for 12 h and further post-cured at 80 oC for 24 h. This coating 
procedure is presented in Fig. 1 (a). These samples are identified in this manuscript as GRE-
P/CP (P = phenolic, CP = ceramic particle, e.g., 30B, Si etc). Similarly, a sample with only 
phenolic resin coated on the GRE laminate was also prepared in order to compare the effect of 
the binder on these ceramic particle coatings. This sample is identified in this manuscript as 
GRE-P. 
All samples were weighed before and after coating application and the wt% ceramic deposited 
on the surface was calculated as:  
             Ceramic particle deposition (wt%) =     (1) 
Where: Wo is weight of the virgin laminate and WCeramic is weight of ceramic particle in the 
coated samples, which is calculated from the ratio between ceramic particle and resin binder. For 
instance, in case of the zirconia coating, WCeramic = 0.7 x total weight of coating (30 wt% of 
phenolic binder in the coating).  
 
2.2.2.2 Ceramic particle coatings with extra ceramic particle deposition 
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For this set of samples the first step of coating preparation was similar to the one discussed 
above (Section 2.2.2.1), but while the resin in the coating was still uncured, dry ceramic particles 
were deposited on the surface by sieving using either a 50 mesh (300 µm) or a 100 mesh (150 
µm) depending on the size of each ceramic particle to achieve 300-600 µm thick coatings. The 
coated samples were then cured as discussed in Section 2.2.2.1. This coating procedure is 
presented in Fig. 1 (b). These samples are identified as GRE-P/CPS, where S denotes surface 
coated with extra ceramic particles. Nanoclay and nanosilica particles are in powder forms of 
very low densities, it was not possible to sieve these powders directly on the wet coatings as 
majority of the powders became airborne.  Hence, only Flekashield, Recoxit and zirconia were 
used in this set of samples. 
The wt% ceramic particles deposited on the surface was calculated as:  
 
Ceramic particle deposition (wt%) =[   (2) 
 
Where  Wo is weight of the virgin laminate, WCoat is total weight of coating and WWet is weight of 
ceramic in the coated samples before the particle deposition.  
 
2.3 Physical and morphological characterisation of coatings  
 
The thicknesses of the coatings were obtained from the difference of thicknesses of coated and 
uncoated samples, measured using a set of digital callipers. The morphologies of coatings were 
studied by using scanning electron microscopy (SEM, Hitachi Technologies Model 3400) with 
accelerating voltage capacity 1-30 kV and magnification ranges between 10 times to 300,000 
times at 30 kV providing resolution down to 10 µm. The particle sizes of the Flekashield, 
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Recoxit and zirconia were also determined from SEM images by using an image analysis 
software (Image J, National Institute of Health/USA) [22]. Measurements were performed on 20 
particles chosen from each of five different regions of the micrographs to ensure adequate 
statistical confidence. The results are given in Table 2.  
2.4. Flammability and thermal barrier study 
 
The flammability of all GRE composite laminates with/without surface coatings was evaluated in 
a cone calorimeter (Fire Testing technology, UK) according to BS 476-15/ISO 5660-1 standard 
[23]. Three specimens of 75 mm x 75 mm dimensions of each sample were tested by exposing 
them to 35 and 50 kW/m2 heat fluxes in the horizontal mode without an ignition source. Before 
testing, the back surface (un-exposed) and the edges of the samples were wrapped with aluminium 
foil to ensure that only top surface would be exposed to the cone heater. The samples were tested 
in the absence of an electric spark igniter so that any exposed resin on the surface does not easily 
ignite and thermal barrier effectiveness of the coatings can be studied. In order to study thermal 
barrier properties and thermal resistance of each type of ceramic coatings, three K-type 
thermocouples were placed, one on top of the surface coating and two on the reverse side of 
samples. A metallic frame was used on the sample holder, which helped in holding the 
thermocouples in place. The thermocouples recorded temperature as a function of time for 
duration of exposure to various heat fluxes.  
 
2.5 Durability of coatings 
 
2.5.1 Water soak test 
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To evaluate the effect of water and moisture under atmospheric conditions on the coatings, the 
coated samples were studied by the water-soak test, according to BS EN ISO 2812-2:2007 
standard [24]. In each case two replicate specimens of 35 mm x 35 mm sizes were tested. As 
recommended in the BS EN ISO 2812-2:2007 standard, the four edges of all samples were 
sealed with an epoxy resin (AralditeLY5052 and Aradur 5052 hardener), which is the same as 
that used for the resin matrix of the GRE composite. All samples were first dried at 100 oC in an 
oven for 2 h, weighed and then fully immersed in 100 ml of deionised water. For each sample, a 
separate container was used and the water containers were covered with aluminium foil. After 
keeping the samples for 24 h at room temperature, the samples were removed, dried at room 
temperature for 24 h and then at 100 oC for 2 h. All samples were then weighed again.  
 
2.5.2 Tape pull test 
 
The tape pull test was performed to evaluate the adhesion between a coating and the laminates, 
similar to the ones specified in BS EN ISO 2409: 2007 [25] and ASTM: D3359, which are often 
used to examine the adhesion of films or sheets to an adhesive [26]. Initially, a piece of 
Sellotape® was applied on the surface of the coated laminate and smoothed with fingers to ensure 
good contact. Holding the sample with one hand, the tape was then peeled back at 180o angle in 
one smooth movement with the other hand. The test was done at three different locations on the 
same sample (size 75 mm x 75 mm) for each coated sample.  
 
2.6 Mechanical testing 
 
2.6.1 Impact drop weight test 
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The specimen size for this impact drop weight test was fixed as 75 mm x 75 mm, the thickness 
varied from sample to sample. The impact drop weight tests based on ASTM: D7136 were 
carried out at two different impact energy conditions with each specimen fully clamped. An 
Instron-Dynatup 9250 HV drop weight impactor with a 16 mm diameter hemispherical tup was 
used to perform the test at 5 J impact energy level in the form of a steel impactor, mass 4.62 kg, 
dropped from a height of 110 mm  to produce an impact velocity of 1.46 m/s. During the test, the 
high-speed data acquisition system (Dynatup® Impulse™ software data capture system)  has the 
capability of storing the entire impact event and hence recorded acceleration/ deceleration as a 
function of time. Using this data via numerical integration, the load-time, load-deflection, and 
energy-time curves were produced. The digital images of the samples after the impact tests were 
studied to investigate the damage to the coatings. Two replicate specimens of each sample were 
tested and then the impact modulus (Ei) of each sample was calculated using equation (3). 
 
Ei =  (K)      (3) 
Where D = diameter of hole of the sample holder; h = thickness; K = initial stiffness determined 
from the load vs. deflection curve 
 
2.6.2 Flexural performance 
 
The three point bending test was carried out to determine the flexural modulus of the GRE 
composites with/without surface coatings at room temperature using an Instron 3369 Universal  
testing machine in accordance with BS EN ISO 14125: 1998 [27]. A specimen size of 125 mm x 
13 mm was used for this test. The thickness varied depending on the type of coating. The tests on 
all samples were performed in a displacement-controlled mode with a 100 N load cell applied at 
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1 mm/min until the flexural deflection reaches 2 mm. The length span between the supports was 
100 mm and the load was applied at the midpoint of the coating surface of the specimen. This 
test condition (load strain) was such that the composites could fully recover their original 
flexural properties. To confirm that the test specimens completely recovered, three loading–
unloading cycles were performed on each specimen. During the test, the high-speed data 
acquisition system stored the entire flexural bending event and then produces load vs. 
displacement curves. The flexural modulus (Ef) of the samples was calculated based upon the 
Engineers’ bending theory [28] as presented in equation (4). 
 
                     Ef =  (K)     (4) 
where L = the test span; h = thickness; b = width; K = initial stiffness determined from the load 
vs. displacement curve 
 
2.6.3. Flexural test on heat/fire damaged samples 
 
The effect of radiant heat on the flexural properties of GRE composites specimens was 
investigated by exposing the coated surface of the composite laminate specimens (125 mm x 13 
mm) to different radiant heat fluxes and different times under the cone heater, maintaining 25 
mm distance between radiant heat source and the specimen. In this test, two replicate specimens 
of each sample were exposed to heat as: 
 Exposed to 25 kW/m2 for 60, 120 and 240 s 
 Exposed to 50 kW/m2 for 30 s 
These conditions were selected based on the cone results from Section 3.7.1. The selected radiant 
heat fluxes and times were to ensure that the sample should not ignite. If the sample ignited, the 
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flame was immediately quenched by a fire proof fabric followed by cooling in a ventilated room. 
After the heat exposure, the samples were cooled down to room temperature, and then the 
flexural test was performed in the three-point bending mode with conditions similar to that used 
for non-heat damaged samples in Section 2.6.2. The flexural load was applied on the heat 
damaged surface so that the damaged surface would be subjected to a compressive strain. The 
flexural modulus after heat exposure was calculated using the original thickness of the sample. In 
the most damaged samples, the thickness did not change after heat exposure. The observed 
flexural moduli were then compared to the room temperature value of the same specimen.  
 
3. Results and Discussion 
 
3.1 Surface characterisation 
 
Since each laminate was individually coated, there was a variation in thickness and ceramic 
particle deposition (wt%) of each coating on each GRE composite as shown in Table 2. The 
results show that with 10 wt% of nanosilica in the coating, a 125 µm thick coating in GRE-P/Si 
was obtained, with 0.23 wt% particle deposition on the laminates. The use of 25 wt% of 30B in 
GRE-P/30B yielded a 143 µm coating thickness with 1.18 wt% particle deposition, and 20 wt% 
of Flekashield (GRE-P/Flek) gave a 290 µm coating thickness with 1.46 wt% particle deposition. 
In the cases of Recoxit and zirconia, 70 wt% of ceramic particles in the coating gave 345 µm 
thickness with 9.67 wt% and 469 µm thickness with 14.09 wt% particle deposition of GRE-P/Re 
and GRE-P/Zr, respectively. Where additional ceramic particles were applied by dry sieving 
onto the coated surface following application of the ceramic-phenolic coating suspension, the 
particle deposition (wt%) and the thickness of those coated-samples also increased, i.e.  from 
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1.46  to 1.75 % in GRE-P/FlekS, 9.67 % to 15.86 % in GRE-P/ReS and 14.09 % to 18.37 % in 
GRE-P/ZrS samples. 
 
SEM images of the surfaces of the ceramic particle-coated GRE composite samples are shown in 
Fig. 2. The results show that the distribution of particles on the surface is uniform indicating a 
good dispersion of the particles without large agglomerations in the resin of the coatings. 
However, it can be also seen that at some places the particles do not completely cover the 
surface. In the case of GRE-P/Si, the coating is uniform although micro-fractures are clearly 
visible on the surface. This is probably due to the in-plane tensile strain during curing of the 
coating, which is commonly observed for colloidal dispersion coating systems [29-31]. 
Consequently, the surface morphology of the samples with additional ceramic particles (GRE-
P/FlekS, GRE-P/ReS and GRE-P/ZrS) is rougher, the roughness varies as a function of the 
ceramic particle size and the concentration of additional ceramic particles on the surface. The 
additional particles by sieving also help to significantly increase the concentration of ceramic 
particles on the surface and also improve surface coverage as clearly seen at high magnification 
(50 µm scale), see Fig. 2 (c-h).   
 
3.2 Flammability behaviour of glass fibre-reinforced epoxy composites (GRE) 
 
The thermal barrier effect of ceramic particulate coatings in terms of reducing the flammability 
of the substrate (GRE laminate) was evaluated by exposing uncoated/coated samples to 35 and 
50 kW/m2 in a cone calorimeter. These two heat fluxes were chosen to represent moderate and 
room fire conditions, respectively. The spark ignition during these tests was not used because in 
the previous work it was noted that with the ignition source, any exposed resin on the surface 
(due to ceramic particles not completely covering the surface) of the laminate ignites easily and 
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if ignited, it is difficult to fully demonstrate the thermal barrier effect of the coatings.  It is well 
known that the surface coatings working as passive fire protection show their thermal barrier 
efficiency by increase in time-to-ignition (TTI), decrease in peak heat release rate (PHRR) and 
increase in time-to-PHRR (TPHRR), whereas the burn time and total heat release (THR) are 
increased due to slow and prolonged burning [8]. Hence, only these parameters are given in 
Table 3 and discussed here. As can be seen from Table 3, the reproducibility of results for coated 
samples is less than that of the control sample. These variations in results are due to different 
coating thicknesses (Table 3), plus the general variation in cone experimental results. Some 
specimens did not ignite; hence their results are reported separately in Table 3. 
   
The HRR vs time curves for selected samples in Fig. 3 and the analysed results in Table 3 show 
that at 35 kW/m2 the control GRE sample ignited after 104 s of continued exposure to the heat 
without an ignition source and showed a peak of HRR of 526 kW/m2 at 136 s. With neat 
phenolic resin coating (without any nano/micro particles) on GRE composite, the PHRR is of 
similar intensity however, the HRR curve is slightly broader than that of the control sample. This 
represents longer burning time in GRE-P due to additional phenolic resin on GRE laminate 
surface, resulting in higher total heat release (THR). With respect to control sample, the time-to-
ignition (TTI) of GRE-P shows little change, but time-to-PHRR (TPHRR) is delayed by 30 s and 
PHRR decreased from 526 to 490 kW/m2.  All coatings increased TTI and TPHRR and decreased 
PHRR compared to control sample (Table 3), the change in each value though depended on 
thermal barrier efficiency of each ceramic particle. To observe the effect of coating thickness on 
change in parameter w.r.t. the control sample, ∆ TTI (TTI of sample – TTI of control) , and ∆ 
PHRR/TPHRR of the each coated sample w.r.t the control sample as a function of coating 
thickness are plotted in Fig.4 . The higher PHRR/TPHRR ratio represents higher thermal barrier 
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efficiency of a coating, as discussed in detail in ref [21]. Fig.4 clearly shows that the relationship 
between coating thickness and the ∆ parameter is not linear.   
 
With 1.18 % nanoclay particle deposition in GRE-P/30B sample, the TTI is increased to 143 s, 
PHRR decreased to 429 kW/m2 and TPHRR increased to 190 s. However, the THR values of GRE-
P/30B samples are higher than the control sample due to prolonged burning of the sample. These 
results suggest that the nanoclay (Cloisite 30B)/phenolic resin coating (sample GRE-P/30B) was 
effective in increasing TTI, and TPHRR and reducing PHRR compared to the uncoated GRE 
composite. The silicate layer provides thermal barrier protection to the underlying structure in 
order to inhibit heat and mass transfer to the pyrolysis zone and hence, slow down degradation of 
the resin of the GRE composite [7].   
 
The use of nanosilica particles showed better cone results than those for nanoclay coated 
samples as can be seen from Table 3 and Fig. 4. One specimen of nanosilica  coated samples did 
not ignite, while the TTI and TPHRR of ignited GRE-P/Si samples have significantly increased to 
185 s  and the PHRR decreased from 526 in control to 420 kW/m2 . These results indicate that 
even though the nanosilica coating has a lower thickness (~125μm) and less particle 
concentration (0.23 wt%) than the nanoclay coating (~145μm thick and 1.18 wt% particles) , it 
provides a better thermal barrier effect in terms of delay in the TTI and reduction in PHRR 
values. This is due to the structure of nanosilica, which does not have the narrow gallery 
structure of the silicate layer as in the 30B nanoclay [32,33]. This results in better silicate layer 
formation from nanosilica than the nanoclay. 
 
In case of GRE-P/Flek, one specimen did not ignite. Although the other two specimens ignited, 
the TTI was considerably increased, i.e. to 201 s, PHRR decreased to 385 kW/m2 and TPHRR 
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increased to 233 s from respective values of the control sample. The THR value for GRE-P/Flek 
is also very low (29.1 MJ/m2), which shows high thermal barrier efficiency of the Flekashield 
coating.  This is because the Flekashield particles containing small platelets of E-glass and low-
melting silicate glass can easily melt and form a hard structure of an aligned glass platelets layer.  
This hard glassy layer acts as a physical insulating barrier for the heat transfer and mass transport 
of combustible volatiles and/or oxygen, protecting the underlying laminate structure.  
 
The application of Recoxit and zirconia coatings exhibited the least effect on improvement in 
flame retardant properties of the GRE laminates, despite much larger coating thicknesses (345 
and 469 μm) than the other coatings. With both coatings, the TTI and TPHRR are increased, while 
the PHRR is reduced, but not to the same extent as in the other ceramic particle-coated samples. 
This is probably due to the Recoxit and zirconia particles having very high melting points 
(>1800 °C for Al2TiO5 [34] and 2600 ~ 2700 °C for 3-7% yttria doped zirconia [35]) and 
therefore could not form a hard thermal barrier ceramic layer similar to that of the nanosilica and 
Flekashield coatings. The melting temperature of silicate glass is ~350°C [36], when glass flows 
and setting into a hard glassy structure [37]. The observed thermal barrier performance of 
Recoxit and zirconia particles is due to their low thermal conductivity and hence, acting as 
thermal insulators.  
 
When additional ceramic particles were deposited on the surface as in the cases of Flekashield, 
Recoxit and zirconia coatings, there is a considerable delay in TTI compared to normal coatings. 
For instance, GRE-P/Flek, GRE-P/Re and GRE-P/Zr ignited at 201, 145 and 126 s, while, GRE-
P/FlekS, GRE-P/ReS and GRE-P/ZrS samples ignited at 282, 157 and 172 s, respectively. Other 
parameters, i.e. PHRR and THR, in GRE-FlekS, GRE-ReS and GRE-P/ZrS samples were also 
further affected when compared to each coated sample without the extra ceramic particles. This 
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suggests that the additional ceramic particles help in completely covering the surface, resulting 
in better insulating properties.   
 
The mass loss curves during the cone experiment at 35 kW/m2 also show the thermal barrier 
effect of all the ceramic particle coatings.  All ceramic-coated samples significantly retarded the 
mass loss rate when compared to the control sample, especially for the GRE-P/Flek and GRE-
P/FlekS samples (Fig. 3 (b and d)). The effect of additional particles on the thermal barrier 
efficiency of all the ceramic-coated samples show a further reduction in mass loss rate when 
compared to the normal coated samples. This observation is consistent with other cone results 
discussed above. 
 
When the heat flux is increased to 50 kW/m2, for every sample the TTI is decreased, PHRR is 
increased, TPHRR decreased and THR increased compared to respective values at 35 kW/m
2. This 
expected effect has already been explained in detail in our previous publication [21]. The effect 
of coatings on reduction / increase of different parameters is however similar to that as observed 
at 35 kW/m2 the only exception is that all specimens ignited at 50 kW/m2 , also shown in Fig.4. 
This shows that even at 50kW/m2 the ceramic particles act effectively as thermal barrier, 
showing a considerable improvement from our previous strategy where significant effect was 
only observed at 20 - 30 kW/m2 heat fluxes.   
 
3.3. Thermal barrier properties 
 
During the cone experiments thermocouples were used to measure the surface and back surface 
temperatures of all samples from which the thermal barrier effect of all ceramic particle coatings 
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could be evaluated. The time taken for the back surface of the exposed GRE laminates to reach 
glass transition temperature of a typical epoxy resin (180 oC) and onset of decomposition 
temperature (250 oC) are given in Table 4. For the control sample at 35 kW/m2, times to reach 
back surface tempertures 180 and 250 oC are 40 and 72s respectively which are reduced to 35 
and 53s at 50kW/m2. This is as expected, with the increase in heat intensity, it takes less time to 
heat up. At 35 and 50 kW/m2with only the phenolic resin (GRE-P), the times to reach 180 and 
250 oC of GRE composite could be delayed only by 4 s. However, all coatings could delay time 
to reach these temperatures by 10-18s, the delay being greater to reach 250 oC. With extra 
particles in GRE-P/FlekS, GRE-P/ReS and GRE-P/ZrS samples, the difference was much higher 
(see Table 4), especially in GRE-ReS and GRE-ZrS samples which delayed the time to reach 
180 oC by more than 27 and 49 s, respectively, and more than 30 and 63 s to reach 250 oC. The 
Flekashield coating (sample GRE-P/FlekS) though was not as effective as Re and Zr containing 
coatings. In Fig.4 the delay in time for the back surface to reach 250 oC  w.r.t the control sample 
is plotted as a function of coating thickness. It can be seen that ∆t is dependent both on ceramic 
particle type as well as the associated coating thickness.    
 
3.4 Durability of coatings 
 
3.4.1 Effect of water on ceramic particle coatings 
 
The effect of water on the durability of these ceramic particle coatings was investigated using the 
water-soak test. In this experiment, all edges were sealed with an epoxy resin prior to the test to 
avoid the water absorption into the laminated structure. The changes in weight (wt%) before and 
after the test are reported in Table 5. The results show that after the water-soak test for 24 h and 
drying the samples at room temperature for 24 h, all the coated samples had minimal weight loss, 
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(~0.03-0.08 %). Subsequently, after drying in an oven at 100 oC, only a very small further weight 
loss was observed. These weight loss results are comparable to those of the control sample and 
are within the experimental error range indicating that there is no significant removal of the 
particles from the coated layer after the test. 
 
3.4.2 Adhesion between coatings and GRE surfaces 
 
In Table 5, the results of % weight loss and % coating peeled after tape pull test for all the coated 
samples are also reported.  The results show that all the coated samples without any extra 
deposition of ceramic particles did not peel off when subjected to a tape test. This indicates that 
the use of a phenolic resin binder (≥ 30 wt%) helps in the permanent deposition of a high-
concentration of ceramic particles on a GRE laminate surface. Even in samples with additional 
particles, the % coating peeling is minimal, i.e.  0.98, 0.53 and 0.34 % in GRE-P/FlekS, GRE-
P/ReS and GRE-P/ZrS, respectively, indicating stability of the coatings.  
 
3.5 Effect of the coatings on the mechanical properties of the composites 
3.5.1 Impact properties 
Typical load-deflection curves for a control and one type of coated sample obtained under 5 J 
impact energies (using conditions discussed in Section 2.6.1) are shown in Fig. 5.  The samples 
exhibit both the loading and unloading portions of the curve due to the effect of clamping and 
vibration [38]. The loading, shown as the upper portion of the curve, implies when the impactor 
hits the specimen, while the lower portion of the curve represents the behaviour of specimen 
once the impactor rebounds away from the specimen during the unloading process. For this type 
of curve (closed envelope), the impact modulus (Ei) of each sample was calculated from the 
initial load- deflection curve and the results are given in Table 6. 
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The results show that the nanoclay (GRE-P/30B) and nanosilica (GRE-P/Si) containing coatings 
have minimal effect on the impact modulus of coated samples. In fact, these samples showed as 
increase in the impact modulus of the GRE laminates by 1 and 3 %, respectively, compared to 
the control sample. This is probably due to nanoparticles (nanoclay and nanosilica), acting as 
reinforcements in the phenolic resin binder of the coating leading to stiffer coating on the 
substrate, and resulting in a slight increase in impact modulus of the composite. On the other 
hand, a decrease in the impact modulus was observed when Flekashield, Recoxit and zirconia 
particles were used in the coatings, GRE-P/Flek, GRE-P/Re and GRE-P/Zr  showing 4, 8 and 6 
% reduction in modulus compared to the control sample, respectively. A further decrease was 
observed when an extra deposition of ceramic particles was applied to the coated surface, GRE-
P/FlekS reduces the impact modulus of the GRE laminates by 10 % compared to the control, 
GRE-P/ReS and GRE-P/ZrS reduce by 40 and 29 %, respectively. These observations indicate 
that the presence of the thick coatings (> 260 µm) containing large ceramic particle sizes (> 40 
µm, see Table 1) on the GRE laminate reduce the impact resistance of the composite, which is 
further reduced when the concentration of those ceramic particles on the laminate surface is 
increased.   
   
On completion of the test, the effect of the impact that may influence the morphology of the 
surface coatings was also studied. The morphologies of post-impact samples were examined 
using a digital camera with the aim of establishing the fractures of the coatings, such as cracking 
and debonding of the coatings due to the stresses developed from the impact event. The area 
damaged by the drop test was analysed using Image J analysis image software. The images and 
results of the front (impacted side) surface are presented in Fig. 5. The results show surface 
damage in all coated samples except for GRE-P/Si. The surface fracture in Flekashield, Recoxit 
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and zirconia coated samples is further amplified when additional particles are applied. These 
results indicate that only the nanosilica coating (containing 10 wt% of particles) showed 
resilience to the 5 J drop test, due to the lower level of particles in the coating relative to the 
other samples. All other samples due to higher particulate levels show signs of being more brittle 
in nature and hence fracture more readily under impact. The damage of the back surface of each 
sample was also examined. The damage in each sample was similar to that of the control sample. 
As an example images of the control and one coated sample (GRE-P/Zr) are shown in Fig. 6. 
This shows that these coatings have no effect on the fracture behaviour of the GRE laminates.     
 
3.5.2 Flexural properties 
 
The flexural modulii of all samples calculated from slopes of the load-deflection curves are 
presented in Table 6. The flexural moduli are also given in Table 6. The 30B (GRE-P/30B) and 
nanosilica particle coating (GRE-P/Si) show minimal reduction (6-8%) compared to that of the 
control sample, similar to that observed for impact results. The reduction is >10%  in GRE-
P/Flek, GRE-P/Re and GRE-P/Zr samples, becoming more pronounced with extra particles on 
the surface.  As seen also for impact results, the thicker coatings ( > 260 µm) reduce the effective 
modulus of the laminate, which is due to the influence of the lower stiffness of the coating taking 
effect although the sample behaves as a single structure. These results suggest that the effect of 
coating on the flexural modulus of the GRE composite is minimised if nanoparticles are present 
in the coating and the coating is very thin.  The flexural modulus decreases with increase in 
coating thickness. It should be noted that the flexural modulus values discussed here are for the 
coated GRE composites. The modulus of the underlying GRE laminate though remains 
unaffected by coating presence.   
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3.6 Flexural performance after exposure to different heat flux conditions 
 
The effect of radiant heat on the mechanical properties of the GRE composites was investigated 
by exposing samples to a cone heater (cone calorimeter) at different heat fluxes and then 
measuring the residual flexural modulus of the samples by the three point-bending test method, 
see Section 2.7. The flexural load was applied on the heat-damaged surface so that the damaged 
surface would bear the compressive strain. While calculating the residual flexural modulus, the 
original thickness of the sample was used. There was no significant difference in the thickness 
after heat exposure and that obtained at room temperature prior to heat exposure. The post-heat 
flexural moduli of all samples with/without surface coatings under varied thermal damage 
conditions are given in Table 7. The percentage flexural modulus retention of this measure for all 
post-heat exposure samples at 25 kW/m2 are also plotted in Fig. 7.   The results in Table 7 show 
that when the laminates were exposed to a 25 kW/m2 heat flux for 60 s, there is no significant 
difference between modulus retention of the control and coated samples as expected. However, 
when the exposure time was increased to 120 s, the control sample showed only ~50 % flexural 
modulus retention as can be seen in Fig. 7. On the other hand, all ceramic particle coatings 
showed higher retentions in flexural modulus compared to the control sample. GRE-P/30B, 
GRE-P/Si, GRE-P/Flek, GRE-P/Re and GRE-P/Zr samples retained ~ 80% of the original 
flexural modulus of the control laminate. In the case of additional ceramic particles on the 
coating, the modulus retention of the laminate is 89 % for GRE-P/FlekS, 93 % for GRE-P/ReS 
and 84 % for GRE-P/ZrS, see Fig. 7 (b – d). Thus, the additional particles enhance the thermal 
barrier protection properties of the coatings. As the exposure time was increased to 240 s, all 
ceramic particle coated samples could not retain the structural integrity property of GRE 
composite. Less than 20% retention in flexural modulus (Fig. 7), severe delamination and loss in 
structural integrity of the composite laminate was observed. As heat flux was increased to 50 
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kW/m2, after 30 s exposure time, the flexural modulus of the control sample was reduced by ~ 
30% compared to undamaged sample, while GRE-P/30B, GRE-P/Si, GRE-P/Flek, GRE-P/Re 
and GRE-P/Zr samples were reduced by 10-20 % of their original flexural modulus (see Table 
7). With additional ceramic particles the GRE-P/FlekS, GRE-P/ReS and GRE-P/ZrS samples 
retain a higher flexural modulus than those with respective normal ceramic particle coatings.  
 
4. Conclusions 
 
This work has shown that nanoclay, nanosilica, Flekashield, Recoxit and zirconia particles can 
be uniformly dispersed in a resin and coated on the GRE composite surfaces. Additional ceramic 
particles can be introduced in the coating by sieving particles on the wet coating (prior to curing 
of the resin binder) to improve the concentration of ceramic particles on the GRE composite 
surface. All ceramic particles showed good performance as a thermal barrier. On exposure to 35 
and 50 kW/m2 heat fluxes, the coatings were very effective in increasing TTI of composite, due 
to the combination of ceramic particles and the inherently flame retardant properties of the 
phenolic resin binder in the coating. The coatings could reduce PHRR and increase TPHRR. The 
additional ceramic particles amplified the thermal barrier effect of the ceramic coatings. The best 
performance was shown by Flekashield containing coatings. All ceramic coatings delayed the 
rise in temperature at back surface of the sample, increasing the times-to-reach 180 oC and 250 
oC of the laminate. GRE-P/ReS observed the slowest rate of increase in temperature compared to 
the other coated samples, as it had the highest coating thickness. In terms of mechanical 
properties, almost all the ceramic coatings slightly decreased the impact and flexural moduli of 
the coated GRE composite (the coating does not affect the modulus of the underlying GRE 
composite laminate), but the reduction is not significant. The additional ceramic particles on the 
coated surface reduced the impact and flexural moduli. However, all ceramic particle coatings 
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could preserve the flexural property of GRE composites after exposure to 25 kW/m2 heat flux for 
120 s and 50 kW/m2 heat flux for 30 s. In terms of durability, although all ceramic coatings are 
durable to peeling and to the water soak test, they cracked/debonded when subjected to localised 
impact. 
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Table and Figure Captions 
 
Table 1. The ceramic particle : phenolic resin ratio of different coatings on laminate specimens 
Table 2. Physical properties of the ceramic particle coatings using a phenolic resin binder 
applied on a 150 mm x 75 mm plaque of the GRE laminates 
Table 3. Cone calorimetric data for control and all coated samples at 35 kW/m2 heat flux 
without an ignition source 
Table 4.  The time required to reach the selected temperatures at the back surface of all samples 
at different heat fluxes 
Table 5.  The weight loss (wt%) after the water-soak and tape pull tests  
Table 6:  The impact and flexural moduli of control and all coated samples  
Table 7: Post-heat flexural moduli of all the GRE samples with/without surface coatings under 
varied thermal damage conditions 
 
Fig. 1.  Procedure for applying ceramic particle coatings on GRE laminates; a) Ceramic 
coatings on GRE composite using a phenolic binder and b) Ceramic particle coatings 
with extra ceramic particle deposition 
Fig. 2.  SEM images of all coated sample surfaces at various magnifications 
Fig. 3.  Heat release and mass loss versus time curves of the control and selected: a,b)  
phenolic resin and Flekashield and c,d) zirconia coated samples at 35 kW/m2 heat 
flux. 
Fig. 4.  ∆ parameter (sample – control) : ( a,c) TTI, (b,d) PHRR/TPHRR and (e,f) t (time) for the 
back surface to reach 250 oC for each coated sample w.r.t the control sample as a 
function of coating thickness at 35 and 50 kW/m2 heat fluxes . 
Fig. 5.  Load versus deflection curves of the control and zirconia coated samples from 5 J 
impact energy loading 
Fig. 6.  Images of impact damage and damage observations (see inset description) on the front 
(impacted side) of all the GRE samples after 5 J drop-weight impact tests.   
Fig. 7.  Images of impact damage on the back surfaces of a) GRE and b) GRE-P/Zr samples after 
5 J drop-weight impact tests. 
Fig. 8. Flexural modulus retention of the control and coated samples after exposure to 25 kW/m2 
heat flux for different times 
 
28 
 
 
Table 1. The ceramic particle : phenolic resin ratio of different coatings on laminate specimens  
 
Sample Ceramic type in the coating Ceramic : Phenolic resin mass ratio 
GRE-P/30B Nanoclay 25:75 
GRE-P/Si Nanosilica 10:90 
GRE-P/Flek Flekashield 20:80 
GRE-P/Re Recoxit 70:30 
GRE-P/Zr Zirconia 70:30 
 
 
 
Table 2. Physical properties of the ceramic particle coatings using a phenolic resin binder 
applied on a 150 mm x 75 mm plaque of the GRE laminates 
 
Sample 
Ceramic particle 
and size 
Coating 
thickness (µm) 
Mass of 
coating (g) 
Ceramic particle deposited 
(wt%, w.r.t laminate) 
GRE-P - 200 ±20 1.72 ±0.17 - 
GRE-P/30B 
Nanoclay 
(< 10 µm) 
143 ±9 2.04 ±0.11 1.18±0.05 
GRE-P/Si 
Nanosilica 
(< 12 nm) 
125 ±8 0.94 ±0.14 0.23±0.04 
GRE-P/Flek 
Flekashield 
(300-400 µm) 
290 ±19 2.99 ±0.52 1.46±0.19 
GRE-P/Re 
Recoxit 
(4 µm) 
345 ±30 5.83 ±0.82 9.67±1.01 
GRE-P/Zr 
Zirconia 
(20 µm) 
469±48 8.20±0.33 14.09±0.81 
GRE-P/FlekS 
Flekashield 
(>300 µm) 
297 ±49 3.67 ±0.21 1.75 ±0.15 
GRE-P/ReS 
Recoxit 
(4 µm) 
645 ±28 7.97 ±0.73 15.86 ±1.17 
GRE-P/ZrS 
Zirconia 
(20 µm) 
485 ±39 9.00 ±0.42 18.37 ±1.58 
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Table 3.Cone calorimetric data for control and all coated samples at 35 kW/m2 heat flux without an ignition source 
 
Sample 
Specimen No. 
(Thickness 
(µm)) 
35 kW/m2 Specimen No. 
(Thickness  
(µm)) 
50 kW/m2 
TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
TPHRR 
(s) 
THR 
(MJ/m²) 
TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
TPHRR 
(s) 
THR 
(MJ/m²) 
Control 1,2,3 104 ±10 280 ±19 526 ±26 136±16 36.8 ±6.6 1,2,3 48 ±2 182 ±9 691 ±11 68 ±6 38.4 ±1.6 
GRE-P 1,2,3 (200±10) 108 ±1 361 ±21 490 ±12 165±20 46.4 ±3.8 1,2,3  (180 ±20) 54 ±0 200 ±8 659 ±2 76 ±12 43.9 ±3.1 
GRE-P/30B 
1,2 (140 ±1) 
3 (200) 
133 ±2  
 153 
306 ±21 
  285 
448 ±49 
 410 
177 ±19 
 202 
44.5 ±1.7 
 35.1 
1,2,3 (150 ±10) 63 ±5 231 ±11 509 ±22 97 ±25 48.3 ±2.0 
GRE-P/Si 
1,3 (120 ±1) 
2* (190) 
185±22 
- 
286 ±20 
- 
420±3 
- 
228 ±76 
- 
44.4 ±2.0 
9.1 
1,2 (120 ±1) 
3 (190) 
67 ±1 
91  
209 ±12 
201 
528 ±12 
522  
96 ±4 
110  
36.8 ±1.8 
38.7  
GRE-P/Flek 
1,2 (290 ±1) 
3* (310) 
201 ±9 
- 
352 ±21 
- 
385 ±39 
- 
233 ±1 
- 
29.1 ±3.1 
7.2 
- - - - - - 
GRE-P/Re 
1 (310) 
2,3 (370 ±1) 
124 
145 ±7 
278 
361 ±17 
400 
456 ±29 
152 
195 ±5 
33.5 
39.7 ±1.8 
- - - - - - 
GRE-P/Zr 
1 (370) 
2,3 (420 ±1) 
105 
126 ±1 
337 
339 ±13 
459 
429 ±1 
160 
180 ±1 
43.9 
44.4 ±2.1 
- - - - - - 
GRE-P/FlekS 
1*,2* (330 ±1) 
3 (210) 
- 
282 
- 
394 
- 
222 
- 
328 
6.6 ± 6.5 
29.6 
1 (290) 
2,3 (310 ±1) 
75 
117 ±10 
205 
253 ±6 
613 
542 ±7 
126 
144 ±11 
46.7 
38.8 ±1.2 
GRE-P/ReS 
1 (640) 
2,3 (660 ±1) 
144  
157 ±5 
315 
380 ±21 
482  
443 ±10 
178 
227 ±3 
30.4 
36.4 ±1.1 
1,3 (640) 
2 (670 ±1) 
64 ±2 
102  
273 ±16 
271 
567 ±19 
592  
136 ±8 
146  
46.4 ±3.7 
49.4  
GRE-P/ZrS 
1,2 (480 ±1) 
3 (510) 
139 ±15 
172 
330 ±8 
303 
470 ±6 
325 
193 ±11 
212 
44.1 ±1.5 
26.3 
1 (460) 
2,3 (530 ±1) 
60 
71 ±2 
242 
265 ±27 
530 
507 ±7 
120 
127 ±7 
55.0 
49.9 ±0.2 
* indicates that the sample did not ignite; TTI is the time-to-ignition; FO is flame out time; PHRR is the peak heat release rate; TPHRR is the time to reach the peak 
value of the HRR; THR is the total heat release 
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Table 4. The time required to reach the selected temperatures at the back surface of all samples 
at different heat fluxes  
Sample 
At 35 kW/m2 heat flux  At 50 kW/m2 heat flux 
Time (s) to reach 
 
Time (s) to reach 
180 oC 250 oC 180 oC 250 oC 
Back 
surface 
∆t 
Back 
surface 
∆t  
Back 
surface 
∆t 
Back 
surface 
∆t 
Control 40 - 72 -  35 - 53 - 
GRE-P 44 [+4] 73 [+1]  39 [+4] 57 [+4] 
GRE-P/30B 54 [+14] 86 [+14]  46 [+11] 73 [+20] 
GRE-P/Si 54 [+14] 82 [+10]  43 [+8] 69 [+16] 
GRE-P/Flek 48 [+8] 75 [+13]  - - - - 
GRE-P/Re 56 [+16] 90 [+18]  - - - - 
GRE-P/Zr 57 [+17] 87 [+15]  - - - - 
GRE-P/FlekS 51  [+11] 80 [+8]  45 [+10] 78 [+25] 
GRE-P/ReS 89  [+49] 135 [+63]  65 [+30] 109 [+56] 
GRE-P/ZrS 67  [+27] 102 [+30]  51 [+16] 80 [+27] 
          
The data in brackets, [], represent the increase (+) in time to reach a selected point of temperature w.r.t the control 
sample 
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Table 5. The weight loss (wt%) after the water-soak and tape pull tests  
 
Sample 
Water soak test  Tape pull test 
% Wloss after 24 h 
drying at RT 
% Wloss after drying 
at 100oC for 2 h 
 % Wloss after test % Peeling 
GRE-P -0.02 ±0.02 -0.02 ±0.01  0.01 ±0.01 - 
GRE-P/30B -0.03 ±0.01 -0.12 ±0.03  0.01 ±0.01 - 
GRE-P/Si -0.05 ±0.01 -0.12 ±0.01  0.02 ±0.01 - 
GRE-P/Flek -0.03±0.03 -0.10 ±0.05  0.03 ±0.01 - 
GRE-P/Re -0.03 ±0.01 -0.09 ±0.06  0.02 ±0.01 - 
GRE-P/Zr -0.04 ±0.01 -0.17 ±0.02  0.03 ±0.01 - 
GRE-P/FlekS -0.08 ±0.01 -0.17 ±0.04  0.09 ±0.01 0.98 ±0.13 
GRE-P/ReS -0.04 ±0.01 -0.12 ±0.05  0.07 ±0.01 0.53 ±0.07 
GRE-P/ZrS -0.06 ±0.01 -0.17 ±0.07  0.09 ±0.01 0.34 ±0.03 
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Table 6: The impact and flexural moduli of control and all coated samples  
Sample 
Fibre volume 
fraction (vol%) 
Coating 
thickness (µm) 
Impact modulus (Ei) 
at 5 J 
 Flexural modulus (Ef) 
Ei (GPa)  Ef (GPa) 
Control 39 - 12.8 ±0.3  15.0 ±0.7 
GRE-P 41  120 ±10 13.2 ±0.8 [+3]  14.9 ±0.3 [-1] 
GRE-P/30B 39  150 ±10 13.0 ±0.5 [+1]  13.8 ±0.7 [-8] 
GRE-P/Si 41  120 ± 10 13.3 ±0.5 [+3]  14.2 ±0.8 [-6] 
GRE-P/Flek 40  260 ± 20 12.3 ±0.9 [-4]  13.3 ±0.1 [-11] 
GRE-P/Re 41 350 ± 10 11.8 ±0.4 [-8]  13.2 ±0.4 [-12] 
GRE-P/Zr 39 380 ± 10 12.1 ±0.1 [-6]  11.6 ±0.3 [-22] 
GRE-P/FlekS 41 340 ±20 11.5 ±0.5 [-10]  13.0 ±0.2 [-13] 
GRE-P/ReS 39 630 ± 30 7.6 ±0.2 [-40]  9.3 ±0.4 [-38] 
GRE-P/ZrS 42 510 ± 40 9.1 ±0.6 [-29]  10.8 ±0.8 [-28] 
.  
Note: The percent changes in modulus parameter following the introduction of the ceramic particle coatings are 
given in square brackets with the (–) and (+) signs representing reductions and enhancements, respectively.  
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Table 7. Post-heat flexural moduli of all the GRE samples with/without surface coatings under 
varied thermal damage conditions 
 
 
Sample 
Flexural Moduli [GPa] 
Un-damage  
25 kW/m2  50 kW/m2 
60 s 120 s 240 s  30 s 
Control 15.4 ±0.1  15.0 ±0.9 7.1 ±2.4 2.1 ±0.4  10.9 ±0.1 
GRE-P 14.8 ±0.2  13.5 ±0.1 9.0 ±0.2 2.2 ±0.1  11.5 ±0.1 
GRE-P/30B 13.6 ±0.1  12.8 ±0.0 10.4 ±0.2 2.3 ±0.3  11.2 ±1.2 
GRE-P/Si 15.4 ±0.3  15.2 ±0.3 13.2 ±0.8 2.6 ±0.4  13.1 ±0.9 
GRE-P/Flek 13.5 ±0.2  12.5 ±0.1 11.5 ±1.7 2.4 ±0.5  11.1 ±0.2 
GRE-P/Re 14.9 ±0.1  13.4 ±0.2 12.5 ±1.5 2.6 ±0.2  12.2 ±0.4 
GRE-P/Zr 13.0 ±0.4  12.1 ±0.7 10.2 ±0.0 2.1 ±0.5  10.3 ±0.3 
GRE-P/FlekS 13.0 ±0.1  12.1 ±0.1 11.2 ±0.2 2.3 ±0.8  11.8 ±0.2 
GRE-P/ReS 9.8 ±0.1  9.3 ±0.2 9.0 ±1.1 1.8 ±0.2  9.6 ±0.6 
GRE-P/ZrS 10.9 ±0.9  9.9 ±1.0 8.7 ±0.8 1.9 ±0.8  8.8 ±0.1 
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(a) 
 
(b) 
 
Fig. 1. Procedure for applying ceramic particle coatings on GRE laminates; a) Ceramic coatings 
on GRE composite using a phenolic binder and b) Ceramic particle coatings with extra ceramic 
particle deposition 
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Fig. 2. SEM images of all coated sample surfaces at various magnifications 
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Fig. 3. Heat release and mass loss versus time curves of the control and selected: a,b) phenolic resin 
and Flekashield and c,d) zirconia coated samples at 35 kW/m2 heat flux. 
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Fig. 4.  ∆ parameter (sample – control) : ( a,c) TTI, (b,d) PHRR/TPHRR and (e,f) t (time) for the 
back surface to reach 250 oC for each coated sample w.r.t the control sample as a function of 
coating thickness at 35 and 50 kW/m2 heat fluxes 
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Fig. 5. Load versus deflection curves of the control and zirconia coated samples from 5 J impact 
energy loading 
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Note: Damage observation (Dam) is as:  V: visible surface damage  (the coating is damaged by 
impact tup at a local area), D: debonding of coating and C: cracking of coating. Area of the 
damage (measured by image analysis software) is given as mm2 
 
Fig. 6. Images of impact damage and damage observations (see inset description) on the front 
(impacted side) of all the GRE samples after 5 J drop-weight impact tests.   
d) GRE-P/Flek e) GRE-P/FlekS
a) GRE
Dam = V; 10.2 mm²
b) GRE-P/30B
Dam = C,D; 20.9 mm²
c) GRE-P/Si
Dam = V; 9.7 mm²
Dam = C,D; 51.8mm² Dam = C,D; 33.4mm² Dam = C,D; 45.3mm²
f) GRE-P/Re
1 cm
i) GRE-P/ZrS
Dam = C,D;10.6 mm²
g) GRE-P/ReS
Dam = C,D;30.1 mm²
h) GRE-P/Zr
Dam = C,D;38.9 mm²
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Fig. 7. Images of impact damage on the back surfaces of a) GRE and b) GRE-P/Zr samples after 
5 J drop-weight impact tests.
a)  GRE 
 1 cm  1 cm 
b)  GRE-P/Zr 
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Fig.8: Flexural modulus retention of the control and coated samples after exposure to 25 kW/m2 
heat flux for different times 
